Introduction
El Nino/the Southern Oscillation (ENSO) is the dominant mode of climate variability on instrumental records. Typically El Nino develops during boreal summer, peaks during early winter, and decays the following spring (Fig. 1) . Hereafter, seasons refer to those for the Northern Hemisphere. We denote the ENSO-developing year as year 0 and the following year as year 1. Thus the summer (June-July-August) of the ENSO-developing year is symbolized as JJA(0) while the summer of the following year as JJA(1). By JJA(1), eastern Pacific sea surface temperature (SST) returns to or slightly below normal. By shifting tropical convection, El Nino excites atmospheric teleconnection into other tropical oceans and the extratropical PacificNorth American (PNA) sector. The so-called atmospheric bridge effect in the tropics is manifested in the delayed spring warming of the Indian (Klein et al. 1999) and North Atlantic (Enfield and Mayer 1997) Oceans. Because of large SST anomalies in the tropics and an effective tropics-to-midlatitude waveguide, the PNA teleconnection is most pronounced during the peak phase of El Nino, providing winter climate predictability for North America (Trenberth et al. 1998; Alexander et al. 2002) .
Pronounced ENSO-related anomalies linger mysteriously during JJA(1) after eastern Pacific SST anomalies have dissipated. Chinese researchers have long suggested that during the summer following El Nino, pronounced precipitation anomalies tend to take place near the Yangtze River (Fu and Teng 1988; Huang and Wu 1989; Huang et al. 2004) , causing major floods there as in 1954 and 1998 summers. Over the Northwest Pacific, climatic anomalies can be even larger and more robust during the summer following than preceding the El Nino peak, despite much weaker SST anomalies in the eastern Pacific. which peaks during the spring . This correlation decays thereafter but remains significant at 95% level through JJA(1) (Fig. 2b ). The South China Sea (SCS) is the third example, displaying pronounced warming twice at the peak phase of El Nino (Liu et al. 2004 ) and JAS(1) (Xie et al. 2003; Wang et al. 2006) , respectively ( (Fig. 2a, dashed) , one in DJF(1) and one in JJA(1), both well above the 95% significance level.
The summer correlation at Hachijo is of the opposite sign to that at Guam, linked by a meridional teleconnection pattern (Nitta 1987 of Japan where sea level shows a significant positive correlation at a very long lag, during Nov-Dec(1) (Fig. 2d ). Such prolonged ENSO effects during JJA(1) are the focus of the present study.
Over the subtropical NW Pacific, an anomalous high-pressure system with an anticyclonic surface circulation begins to appear at the ENSO mature phase (winter) and develops into maximum intensity during spring (Harrison and Larkin 1996; Wang et al. 2000 Wang et al. , 2003 , broadly consistent with Fig. 2b . At its peak phase (spring), this surface high is roughly collocated with negative SST anomalies, suggestive of a local ocean-atmosphere interaction (Wang et al. 2000; Lau and Nath 2003) . Wang et al. (2000) propose that SST-induced anticyclonic circulation, superimposed on the spring northeast trades, acts to reinforce the initial SST anomalies via surface evaporation and wind stirring. Their mechanism is a variant of wind-evaporation-SST (WES) feedback that emphasizes the role of meridional wind instead of zonal wind in the previous literature . The anticyclonic anomaly persists into JJA(1) as corroborated by in-situ observations ( Fig. 2 ) but the local SST feedback does not seem to persist through summer. A local feedback requires positive correlation between SST and precipitation but observations indicate that this correlation is weak or even negative during summer . Results from the present study show that atmospheric anomalies during JJA(1) over the NW Pacific are forced not by local SST but remotely by Indian Ocean SST.
The tropical Indian Ocean (TIO) warms up following the El Nino peak due to the downwelling ocean Rossby waves in the southwestern basin (Xie et al. 2002; Huang and Kinter 2002) and heat flux changes elsewhere (Klein et al. 1999; Tokinaga and Tanimoto 2004) . See Schott et al. (2008) for a recent review of the TIO response to ENSO. At the El Nino mature phase, precipitation decreases over the TIO despite this basin-wide warming, leading to a notion that the TIO warming is largely a passive response to ENSO teleconnection without much climatic influences. Countering this notion, however, recent modeling studies suggest that the TIO warming is partially responsible for the formation of the NW Pacific anticyclone anomaly from winter to spring (Watanabe and Jin 2003; Annamalai et al. 2005 ) and its persistence into JJA(1) (Yang et al. 2007 ). These results form a capacitor hypothesis (Yang et al. 2007 ): El Nino teleconnection causes TIO SST to increase like a battery charging a capacitor; the TIO warming persists through the summer [JJA(1)], and exerts its climatic influences on surrounding regions after the El Nino decay, like a discharging capacitor. Other studies also hint at the TIO capacitor effect. Yoo et al. (2006) note that spring TIO SST is a good predictor for the summer NW Pacific anticyclone. While they do not clarify what maintains this relationship between spring SST and summer atmospheric anomalies, Fig. 1 shows that the TIO SST persistence is the likely cause. Ohba and Ueda (2006) suggest that SST gradients between the North Indian and NW Pacific Oceans are important for June precipitation variability east of the Philippines. While the persistence of the NW Pacific anticyclone through summer may indeed be due to the TIO capacitor effect, the mechanism by which TIO SST affects the subtropical NW Pacific remains unclear.
The TIO capacitor effect may go beyond the subtropical NW Pacific surface circulation.
Tropospheric temperature is known to increase over the tropics following El Nino (Yulaeva and Wallace 1994; Sobel et al. 2002) , and the tropospheric warming lasts much longer than El Nino itself. Atmospheric general circulation model (GCM) experiments show that much of the persistence in zonal-mean tropospheric temperature increase is due not to eastern Pacific SST but to the SST warming over the tropical Indian and Atlantic Oceans (Kumar and Hoerling 2003; Lau et al. 2005) . It is unclear whether and how the lingering tropospheric warming is related to surface anomalies such as the subtropical NW Pacific anticyclone.
The present study examines robust, ENSO-induced climatic anomalies during JJA (1) when SST anomalies have mostly vanished over the equatorial Pacific. They include the TIO warming, NW Pacific anticyclone, and tropospheric warming. As reviewed briefly above, these anomalies have previously been studied somewhat in isolation. We note that most literature on the NW Pacific anticyclone deal with its formation and development from winter to spring (Wang et al. 2000 Watanabe and Jin 2003; Annamalai et al. 2005 ) but few focus on its maintenance for JJA(1) (Yang et al. 2007) . Summer is the rainy season for East Asia when precipitation variability has huge socio-economic impacts. The present study attempts a synthesis to reveal relationships among and mechanisms for these anomalies by tracking ENSO Observational diagnostics are the main approach but numerical modeling is also used as necessary to test hypotheses.
In the following, Section 2 describes the datasets and atmospheric GCM. Section 3 presents observational diagnosis, discusses the ENSO-induced anomalies during JJA(1) in the global tropics and over the Indo-western Pacific region, and tests the local SST and TIO capacitor hypotheses. Section 4 examines atmospheric anomalies in response to the TIO warming in models. Section 5 is a summary and discusses broad implications.
Methods

a. Observational data
We use the Hadley Center SST (HadSST) dataset (Rayner et al. 2006) , the Center for Climate Prediction merged analysis of precipitation (CMAP; Xie and Arkin 1996) , and the National Centers for Environmental Prediction (NCEP) atmospheric reanalysis (Kalnay et al. 1996) Island for a shorter period are used to monitor rainfall in the mid-latitude NW Pacific. Monthly-mean sea level height data at Ishigaki Island, Japan are obtained from the University of Hawaii Sea Level Center.
The present study focuses on interannual variability associated with ENSO. To reduce the effect of pronounced intraseasonal variability over the Indo-western Pacific Oceans, we perform three-month running average. A 9-year running mean is then applied (separately for each calendar month) to remove decadal and longer variations, which are significant over the tropical Indo-Pacific Oceans (Deser et al. 2004; given by Roeckner et al. (2003) . ECHAM5 employs a spectral dynamic core. We use a version with triangular truncation at zonal wave number 63 (T63; equivalent to 1. 
Observational analysis
This section examines spatio-temporal variations in ENSO correlation to infer the mechanisms for atmospheric anomalies.
a. MAM(1)
During MAM(1), El Nino begins to decay but large positive anomalies of SST and precipitation remain in the eastern equatorial Pacific (Fig. 3) . The westerly wind anomalies near the international date line are displaced south of the equator, rendering them ineffective to sustain the Bjerknes feedback and El Nino (Vecchi and Harrison 2006; Lengaigne et al. 2006) .
Precipitation decreases over the off-equatorial western Pacific, with a broad high pressure anomaly over the NW Pacific. The anomalous winds there intensify the prevailing northeast trades, contributing to the SST cooling there (Wang et al. 2000) . The upwelling Rossby waves in the ocean may also be a factor for the surface cooling (Wang et al. 1999 ).
Positive SST anomalies cover the entire TIO, with the maximum (>0. the international date line. This summer anticyclone has been noted in previous studies (e.g., Wang et al. 2003 ) and the resultant weakening of the southwesterly monsoon wind causes a pronounced warming over the SCS (Xie et al. 2003; Wang et al. 2006 ). SST correlation is weakly negative but statistically marginal over the eastern half of the NW Pacific anticyclone (maximum correlation r max~ -0.4), suggesting that local SST is not the main anchor for the decreased precipitation and increased SLP there. (More analysis of the SST correlation will be presented in Section 3c.) This anticyclone is the most significant surface atmospheric anomaly during JJA(1) (r max~0 .7) that originates from ENSO while the TIO warming is the most significant major SST anomaly (r max~0 .8), implying that the latter is the cause of the former.
An empirical orthogonal function (EOF) analysis confirms this conclusion (Appendix A).
Tropospheric temperature displays a Matsuno-Gill pattern consistent with a localized heating in the TIO, with a Kelvin wave-like wedge penetrating into the western Pacific on the equator and Rossby wave-like, off-equatorial maxima over the western Indian Ocean to Africa.
Tropical convection adjusts tropospheric temperature close to a moist adiabatic profile consistent with the equivalent potential temperature (θe) in the planetary boundary layer (Emanual et al. 1997) . Thus, an SST increase over a convective region acts to warm the tropospheric column. The spatial pattern of tropospheric temperature anomalies (Figs. 3c, 4c) appears to support this moist adiabatic adjustment to ocean warming. Figure 5 shows tropospheric temperature correlation with the NDJ(0) ENSO index in the tropical Pacific and TIO, along with the SST correlation. Over the tropical Pacific, the troposphere begins to warm up soon after the development of El Nino. The tropospheric warming there reaches the maximum about a season after the El Nino peak and decays rapidly after April(1), falling below the 95% significance level by July(1). Over the TIO, on the other hand, tropospheric warming commences quite late, developing rapidly in November(0) and reaching the peak in April(1). It persists at high correlation until August(1) and then decays rapidly with the TIO SST warming.
SST correlation falls to near zero on the equator (as the thermocline begins to shoal) but significant SST warming remains on either side of the equator in the eastern Pacific during JJA(1) (Fig. 4a) . The southern SST warming does not have much a signature in SLP because the mean SST is too cold for deep convection (Figs. 4b,c) . North of the equator, by contrast, the SST warming over the far eastern Pacific warm pool and Caribbean Sea induces weak negative SLP anomalies and appears to reinvigorate the off-equatorial tropospheric warming. Because of the great geographical distance, it is unlikely that the lingering eastern Pacific SST anomalies north of the equator are the main cause of the NW Pacific anticyclone.
c. Kelvin wave-induced divergence off the equator
Precipitation correlation is weakly positive over the warm TIO but not well organized in space. Restoring tropospheric temperature toward a moist adiabatic profile, Su and Neelin (2003) show that their model simulates tropospheric temperature and precipitation anomalies during the developing and mature phases of El Nino. They report that the precipitation response is rather complicated and not necessarily correlated with local SST.
Given weak local SST correlation, the robust NW Pacific anticyclone at the surface is mysterious. We propose a mechanism for the TIO to force this surface anticyclone remotely.
The moist adiabatic adjustment provides a mechanism that couples SST and tropospheric temperature over the warm TIO (Emanual et al. 1997; Neelin and Su 2005) . Via this coupling, the TIO warming forces a warm equatorial Kelvin wave to the east. The circulation-convection feedback is important to amplify this Kelvin wave-induced Ekman divergence (WIED). While the Kelvin wave in the free troposphere is nearly symmetric about the equator, the response of convective and surface anomalies clearly favors the summer hemisphere (Fig. 6) , where convective feedback is strong with high SST and precipitation in the mean. The negative rainfall anomalies over the NW Pacific excite an equatorial Kelvin wave of an opposite sign, weakening the warm Kelvin wave wedge emanating from the TIO.
Indeed, the warm Kelvin wave wedge is much shorter in zonal extension than the off-equatorial Rossby waves to the west (Fig. 4c) , opposite to the Matsuno-Gill model prediction 1 . In the warm Kelvin wave wedge near the equator, precipitation anomalies are not very coherent as the deep subsidence of the wave in the free troposphere opposes the surface convergence in creating precipitation changes. Section 4 tests this hypothesis further with an atmospheric GCM.
Modeling studies suggest a TIO contribution to the NW Pacific anticyclone anomaly during MAM(1) (Su et al. 2001; Watanabe and Jin 2003; Annamalai et al. 2005) . We note that from the NIO to NW Pacific during MAM(1), northeasterly wind anomalies and the negative precipitation band are located on the northern edge of the warm Kelvin wave wedge (Fig. 3c ).
This collocation of surface anomalies with the Kelvin wave's northern flank is consistent with our Kelvin WIED mechanism.
d. Northwest Pacific precipitation
The NW Pacific warm pool reaches far north during summer, with the 27 o C SST contour expanding north of 30 o N (Fig. 7) . Besides the basin-scale intertropical convergence zone (ITCZ)
1 Factors such as the mean flow and its shears as well as heating latitude also influence the apparent zonal extent of these waves.
anchored by an off-equatorial warm SST band, a subtropical rain band develops during late summer and early fall (July-September) in the NW Pacific, riding on the expanding warm pool.
This subtropical rain band appears as a local meridional maximum in precipitation (15-25
and is a key element of the NW Pacific monsoon (Murakami and Matsumoto 1994; Wang and LinHo 2002) . The late-July onset of this subtropical NW Pacific convection weakens and displaces northward the Meiyu-Baiu rain band that covers East China and Japan during June to mid-July (Ueda et al. 1995 (Ueda et al. , 2008 .
Interestingly, summer precipitation variance is much stronger in the subtropical rain band than in the ITCZ over the NW Pacific despite that mean precipitation is much larger in the latter (Fig. 7) . Figure 8a shows the time-latitude section of local correlation between monthly SST and precipitation over the western Pacific. In the subtropical NW Pacific, the subtropical rainfall variance intensifies during July-September but is not correlated with the local SST. Our Nino winter. Figure 9 shows the ENSO correlations of precipitation (shade), SST (color contours), and surface wind velocity in the NW Pacific. In Fig. 9 , the onset of the El Nino- (Fig. 9) , indicating the importance of remote forcing for the maintenance of the subtropical anticyclone during JJA(1).
e. Further teleconnections
Atmospheric anomalies in the subtropical NW Pacific during JJA(1) excite additional teleconnections in both the ocean and atmosphere. In the ocean, the anticyclonic wind-curl anomalies force downwelling Rossby waves that propagate westward (results not shown from an ocean reanalysis), leading to a rise in sea level at Ishigaki Island that peaks in the following December ( Fig. 2d) , almost a year after the mature phase of El Nino. In the atmosphere, the southwesterly anomalies on the western flank of this anomalous anticyclone transport moisture from the SCS, increasing summer rainfall over the mid/lower reach of the Yangtze River of China. Suppressed convection over the subtropical NW Pacific, through upper tropospheric convergence, excites the Pacific-Japan (PJ) teleconnection (Nitta 1987) , with a low pressure centered east of Japan (Fig. 6) . Developing under the vertically sheared climatological meridional flow, the PJ vorticity anomalies exhibit an apparent poleward phase tilt with height (Kosaka and Nakamura 2006) . The surface low around Japan is associated with an anomalous increase in local precipitation near Japan as observed at Hachijo Island (Fig. 2a) .
Model results
This section uses atmospheric GCM experiments to test the hypothesis that the TIO warming affects NW Pacific climate during summer. In the GCM, the imposed TIO warming 2 2 Care needs to be taken in designing SST-forced, atmospheric GCM experiments since SST changes may be a response to a remote forcing as happens over the TIO during the developing causes precipitation to increase over much of the basin (Fig. 10a) . Over the equatorial Indian and mature phases of ENSO Wu et al. 2006; Deser and Phillips 2006; Copsey et al. 2006) . Our prescription of TIO SST as forcing here is justified by the facts that it is the most robust SST anomalies of the global ocean during JJA(1) and that tropospheric temperature anomalies are consistent with a Matsuno-Gill pattern forced by a heat source over the TIO (Fig. 4) .
is weaker by a factor of two over the subtropical NW Pacific, limiting the convectioncirculation feedback. The poor simulations of subtropical NW Pacific summer rainfall have been flagged as a major problem for atmospheric GCMs (Kang et al. 2002) .
The Japan pole of the PJ pattern is too weak and shifted northward compared to observations. Such deficiencies may be due to too weak convective anomalies in the subtropical NW Pacific and/or errors in simulating mean precipitation and mean flow, from which the PJ mode draws energy (Kosaka and Nakamura 2006) .
a. Linear baroclinic model
To Convective feedback coefficient α is chosen so that the maximum heating rate is 1.8 K/day in the steady state. The results are qualitatively insensitive to the choice of α. 
b. North Indian Ocean effect
An additional GCM experiment has been carried out to narrow down the TIO sub-domain that is most important for the formation of the NW Pacific anticyclone. In the SIO run where the SST increase is limited to the tropical South Indian Ocean (SIO), precipitation increases south and decreases north of the equator, with a C-shaped, antisymmetric wind pattern ( Fig.   10d ) similar to observations over the western TIO (Fig. 6) . The positive and negative anomalies of this precipitation dipole in the meridional direction are nearly equal in magnitude, rendering a small basin mean. As a result, anomalies over the Pacific are negligible. Figure 10c shows the TIO-SIO difference, which may be taken as the response to an NIO warming. The rainfall increase over the NIO is much larger than the reduction south of the equator. The net increase in the basin-mean precipitation forces a Kelvin wave response with low pressure and easterly wind anomalies over the equatorial Pacific, triggering a reduction in precipitation and the formation of a surface anticyclone over the subtropical NW Pacific. These model results indicate that SST anomalies over the NIO are more important for NW Pacific summer anomalies than those over the SIO. The preference for the NIO is likely due to higher mean SST and hence stronger SST forcing of the atmosphere than over the SIO. Indian Ocean, where negative IOD events sometimes develop during JJA(1) as in 1998. There is a tendency for NW Pacific precipitation to correlate negatively with that over the TIO, the middle reach of the Yangtze River, and near Japan, broadly consistent with the GCM.
Summary and discussion
We have investigated ENSO-induced anomalies during the summer [JJA (1) (Fig. 4) .
The schematic in Fig. 13 summarizes the results. El Nino develops during the summer of year 0, peaks in winter, and decays in the spring of year 1. It induces the basin-wide warming over the TIO that persists through JJA(1). During the summer following El Nino, the TIO warming is the main culprit for the anomalous anticyclone and suppressed rainfall over the subtropical NW Pacific.
One important question still remains: how is the TIO warming maintained through JJA(1)?
A companion paper suggests that ocean-atmosphere interaction within the TIO is important. Specifically, the downwelling ocean Rossby wave anchors the warming, not only over the SWIO thermocline dome but also over the NIO by inducing northeasterly wind anomalies, which relax the southwest monsoon during early summer and reduce latent heat flux from the ocean.
the southeasterly wind anomalies, and the couplet often develops into an Indian Ocean dipole (IOD) mode growing on the Bjerknes feedback (Saji et al. 1999; Webster et al. 1999; Schott et al. 2008) . Fig. 2a , the significance level is 0.44 for the shorter Hachijo record.) The black triangle denotes Dec(0), the peak phase of ENSO. SST (top panels; ˚C) and precipitation (bottom; mm/month). 
